The orf-I gene of human T-cell leukemia type 1 (HTLV-1) encodes p8 and p12 and has a conserved cysteine at position 39. p8 and p12 form disulfide-linked dimers, and only the monomeric forms of p8 and p12 are palmitoylated. Mutation of cysteine 39 to alanine (C39A) abrogated dimerization and palmitoylation of both proteins. However, the ability of p8 to localize to the cell surface and to increase cell adhesion and viral transmission was not affected by the C39A mutation.
H
uman T-cell leukemia virus type 1 (HTLV-1) is the etiological agent of adult T-cell leukemia (ATL) and tropical spastic paraparesis/HTLV-1-associated myelopathy (TSP/HAM) (1) (2) (3) (4) (5) . The HTLV-1 genome encodes structural and enzymatic proteins and, at the 3= end, contains four open reading frames (ORFs) (6) . Singly spliced RNA from orf-I encodes a 12-kDa endoplasmic reticulum (ER) resident protein, p12 (7) (8) (9) (10) . The membrane-associated p12 protein is proteolytically cleaved at the amino terminus to remove a noncanonical ER retention/retrieval signal that results in the generation of p8, which traffics to the cell surface (9) .
HTLV-1 p12 and p8 have seemingly opposite effects on T-cell activation (11) . The p12 protein promotes T-cell activation by binding to calcineurin to increase ER calcium influx and nuclear factor of activated T cell (NFAT) activity (12) (13) (14) . HTLV-1 p12 also increases T-cell proliferation by binding to the ␤ and ␥ c chains of the interleukin 2 (IL-2) receptor, resulting in STAT5 phosphorylation, which activates IL-2 production (15, 16) . In contrast, the p8 protein induces anergy in T-cell receptor-stimulated cells by downmodulating signaling at the immunological synapse through decreased phosphorylation of linker of activation for T cells (LAT), phospholipase C␥-1 (PLC␥-1), and Vav (11) . Additionally, p8 decreases cell spreading and actin polymerization upon T-cell receptor (TCR) engagement (17) , and the orf-I gene protein products increase the motility and migration of T cells toward chemokines (18) . In stimulated T cells, p8 increases the virological synapse formation, the length of cellular conduits, and viral infectivity (17) . However, the mechanism by which p8 translocates from the ER to the cell surface remains unclear. We investigated whether (Fig. 1A ) a highly conserved single cysteine residue at position 39 (C39) could form intermolecular disulfide bonds (9), contribute to dimer formation, and regulate the diverse functions of p8 and p12. At first, we immunoprecipitated protein extract from 293T cells transfected with the orf-I cDNA. The immune complexes were treated or not with the reducing agent ␤-mercaptoethanol (␤-ME) and resolved in the first dimension by SDS-PAGE. Highmolecular-weight bands observed in the nonreducing conditions were resolved to p12 and p8 in the presence of ␤-ME (Fig. 1B,  lanes 1and 3, respectively) . Parallel lanes were excised and placed horizontally at the top of another gel to perform a secondary electrophoresis in reducing or nonreducing conditions. In nonreducing conditions, the predominate high-molecular-weight protein bands were found to contain only p12 or p12 and p8, while the lower faint band was constituted of dimeric p8 (Fig. 1B , lane 1 and panel 2). The reduced immune complexes (lane 3) migrated with a size compatible to that of monomeric p12 and p8 (panel 4). These data are consistent with the ability of these proteins to form homo-and heterodimers. In order to minimize p12 and p8 dimer formation after cell lysis, immunoprecipitates were treated with iodoacetamide (IAN), which covalently modifies the reactive sulfhydryl group on cysteine residues. Immunoblot analysis showed that dimer formation occurred similarly in the presence or absence of IAN (data not shown).
We mutated C39 to alanine (C39A). pME and HA-tagged WT, G29S, and ⌬29 orf-I expression plasmids and the pACH and pAB molecular clones were previously described (1, 11, 19) . The orf-I expression plasmids were modified with the addition of a Kozak sequence (underlined). Products were generated by PCR using the oligonucleotides WT-Fwd (5= ATTACTCGAGGCCACCATGCT GTTTCGCCTTC), ⌬29-Fwd (5= ATTACTCGAGGCCACCATG CTTCTTCTCCGCC), and WT and ⌬29-Rev (5= TCGGTCTAGA AACAACAACAATTGCATT). The PCR products were cleaved with XhoI and XbaI and ligated into the pME backbone plasmid. The C39A mutant was generated by PCR from the QuikChange II site-directed mutagenesis kit (Agilent, Santa Clara, CA) using sitespecific mutagenic oligonucleotides. The oligonucleotides C39A-Fwd (5= CCTCCTGCGCCGGCCCTTCTCCTCTTCCTTC) and C39A-Rev (5= GAAAAGGAAGGAAGAGGAGAAG) were used. The sequences of all plasmid clones were analyzed to confirm the underlined changes.
Protein extracts from the transfected 293T cells were treated or not with ␤-ME and resolved on tricine gels, as previously described (9, 11) (Fig. 1C) . Immunoblotting of untreated protein extracts from cells expressing the orf-I gene detected the p12 and p8 monomers, as well as slower-migrating bands (Fig. 1C , lane 3) that were not observed following ␤-ME treatment (Fig. 1C, lane 4) or when cysteine 39 was mutated to alanine (Fig. 1C , lanes 5 and 6), demonstrating the contribution of C39A to dimer formation. In HTLV-1-infected individuals, polymorphisms in the proximity of the cleavage site, within p12, resulted in different ratios of p8 and p12 expression. The natural mutation of glycine 29 to serine (Fig. 1A) resulted in the G29S mutant that produces mainly p12 (9) . Expression of G29S demonstrated the p12 monomer and a single slower-migrating complex that was reduced to p12 by ␤-ME (Fig. 1C, lanes 7 and 8) . Indeed, the replacement of cysteine 39 with alanine into G29S (G29S/C39A mutant) resulted in the disappearance of the slow-migrating protein band in nonreducing conditions (Fig. 1C, lane 9) . As expected, expression of the ⌬29 plasmid encoding only p8 (9) resulted in the detection of the p8 monomer and a single slower-migrating complex that was reduced to the monomeric form by treatment with ␤-ME (Fig. 1C,  lanes 11 and 12) . Accordingly, mutation of cysteine 39 to alanine in the ⌬29/C39A mutant resulted in the disappearance of the slow-migrating form observed in the ⌬29 mutant (Fig. 1C , compare lanes 11, 13, and 14) . The difference in the slower-migrating bands in lanes 7 and 11 is compatible with a difference in size of the p12 and p8 dimers. Together, the above-described findings demonstrate that the dimers formed by p12 and p8 are disulfide linked at cysteine 39.
Palmitoylation of cysteine residues appears to be essential for the localization of several transmembrane signaling proteins to the cell surface (19, 20) . We therefore hypothesized that p8 and p12 monomers may also be palmitoylated and that this modification may affect p8 localization to the cell surface. 293T cells were transfected with the WT orf-I gene or the C39A mutants and metabolically labeled (21) with [ 3 H]palmitic acid ( Fig. 2A) . Immunoprecipitated protein extracts from these cells were either treated or not with ␤-ME and resolved by SDS-PAGE. As expected, immunoblot analysis demonstrated that dimer formation was inhibited by treatment with reducing agent or by mutation at C39 (Fig. 2A,  lanes 1 to 6) . Fluorography, however, revealed that both the monomeric form of p12 and p8 are palmitoylated and that the palmitoylated proteins did not form dimers in the absence of ␤-ME ( Fig. 2A, lanes 7 and 8) . The C39 mutant was not palmitoylated, demonstrating that palmitoylation of both the p12 and p8 proteins occurs on C39 (Fig. 2A, lane 9) . These results indicate that the p8 and p12 proteins can either dimerize or undergo palmitoylation and remain monomeric, suggesting a possible mechanism of functional regulation of p8 and p12 functions.
We next tested whether the C39A mutant localizes to the cell surface using MT-2 cells cotransfected with a membrane marker, GFP-GPI, together with pME, ⌬29, or ⌬29/C39A expression plasmids. Forty-eight hours posttransfection, cells were incubated with poly-lysine-coated coverslips to favor cell spreading and visualization. Cells were then fixed, permeabilized, and immunostained with anti-HA, as previously described (9, 11) . As shown in Fig. 2B , the membrane marker GFP-GPI (green) localized exclusively to the plasma membrane of MT-2 cells. The ⌬29 protein (p8) (red) accumulated in both the cytoplasm, as reported previously (9, 11) , and at the cell surface similar to GFP-GPI (yellow) (Fig. 2B, middle) . The colocalization of the ⌬29 and ⌬29/C39A proteins with GFP-GPI was analyzed by line scan measurements in Metamorph (data not shown). We observed no difference in localization of the ⌬29/C39A protein compared to the ⌬29 protein, suggesting that C39 is dispensable for cell surface localization of p8 (Fig. 2B) .
We have previously shown that p8 increases conduit formation, cell contact, and virus transmission in naturally infected T cells (17) . Upon direct cell contact with a neighboring cell, p8 polarizes at the cell-to-cell junction and mediates conduit formation (17) . Enhanced viral infectivity may therefore be achieved both by virus transmissions along these cellular conduits and from increased cell-to-cell contact (17) . To determine the role of C39A mutation in the ability of p8 to increase viral infectivity and cellto-cell adhesion, the HTLV-1 producer MT-2 cell line was transfected with orf-I gene expression plasmids expressing mainly p12 MT-2 cells were transfected with GFP-GPI, together with pME, ⌬29, or ⌬29/C39A expression plasmids. Cells were then visualized by confocal microscopy. GFP-GPI is shown in green and p8 in red. (C)Transfected MT-2 cells were cocultivated for 48 h with BHK1E6 cells containing a lacZ reporter gene bound to a Tax-responsive promoter. Monolayers were washed, fixed, and stained with X-Gal solution, and ␤-galactosidase-expressing cells were counted by bright-field microscopy. Control pME-transfected cells were set to 1, and infectivity of cells transfected with orf-I gene protein product expression plasmids was determined relative to this value. Error bars represent the standard errors of the means from three independent experiments. (D) Transfected MT-2 cells were incubated on ICAM-1-coated coverslips and their nuclei stained with crystal violet. Cells were washed and lysed, and released stain was measured at 570 m. Absorbance for control pME-transfected cells was set to 1, and adhesion of cells transfected with the orf-I gene protein product expression plasmids was determined relative to this value. The error bars represent the standard error of the means from three independent experiments. (E) Protein extract from MT-2 cells transfected with HA-tagged orf-I gene protein product expression plasmids was resolved by SDS-PAGE and immunoblotted with antibodies to HA. The arrowheads at the left indicate the positions of p12 (filled) and p8 (hollow). or p8 carrying a cysteine or an alanine at position 39. HTLV-1-infected MT-2 cells, following transfection with the pME vector or G29S (expresses mainly p12), G29S/C39A, ⌬29 (produces mainly p8), or ⌬29/C39A cDNA, were cocultivated for 48 h with BHK1E6 cells containing a lacZ reporter gene whose expression is driven by Tax. Monolayers were washed, fixed, and stained with 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) solution, and ␤-galactosidase-expressing cells were counted by bright-field microscopy, as previously described (17) . Cells transfected with G29S or the G29S/C39A cDNAs transmitted similar levels of HTLV-1 to BHK1E6 cells. In contrast, there was a 3-fold increase in the infectivity in cells expressing ⌬29 protein, as expected (17) , and mutation of cysteine 39 did not affect virus transmission (Fig.  2C) . To assess the underlying mechanism, the same batch of transfected MT-2 cells was incubated in parallel, on ICAM-1/Fc-coated coverslips, and then fixed, and their nuclei were stained with crystal violet. The cells were washed and incubated in a solution that releases the stain, and absorbance was measured. As shown in Fig.  2D , expression of p8 increased MT-2 cell adhesion to ICAM-1-coated coverslips 3-fold over that of cells transfected with empty vector, and mutation of cysteine 39 to alanine did not affect the ability to increase cell adhesion of p8. The increase in viral transmission or cell adhesion mediated by p8 or by the ⌬29/C39A protein was not due to differences in the expression of the proteins (Fig. 2E) . Overall, our results demonstrate that dimerization and palmitoylation are dispensable in p8-augmented cell-to-cell adhesion and viral infectivity.
It seems unlikely for palmitoylation of orf-I-encoded proteins to have been conserved without affecting protein function. Whether palmitoylation or dimerization may be required for the p12/p8-mediated downregulation of MHC class I or STAT5 activation will require further studies.
